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Abstract  
One way to increase the value of renewable energy is to use a 
high efficiency reversible solid oxide fuel cell (SOFC) as an 
energy storage device. The utilization of SOFC for distributed 
generation (DG) requires the development of inverters that 
convert variable DC power into AC power. This paper 
addresses the integration of the SOFC with a power electronic 
inverter as a distributed generation device. The SOFC model 
and power inverter blocks are implemented in 
MATLAB/Simulink with three competing inverter control 
schemes. Hardware tests are required in the future and the 
purpose of this research is to verify a stable SOFC power 
system.  
1 Introduction 
A reversible solid oxide fuel cell (SOFC) fuel cell system is 
under development that promises to provide effective and 
flexible power delivery through advances in materials and 
fuel processing technology. It can store electrical energy in 
the form of heat and hydrogen, and release the electrical 
energy later when needed. Thus the fuel cell system operates 
as electrical energy storage. The utilization of fuel cells for 
distributed power generation requires the development of an 
inverter that converts variable-voltage DC power into AC 
power or vice-versa. This paper addresses the integration of 
the solid oxide fuel cell with a power electronic inverter as a 
distributed generation/storage device. Unbalance or voltage 
harmonics can induce DC ripple currents at the fuel cell, with 
magnitudes dependent upon the inverter control algorithms. 
These ripple currents can reduce efficiency or cause damage 
to the fuel cell, either in the short or long-term.  
In [1] we developed a dynamic model of a solid oxide fuel 
cell (SOFC) in fuel-cell mode. The SOFC model is based on 
the equations of electrochemical reactions. The voltage losses 
within the cell are defined with equations; varying with 
temperature, gas partial pressure and current density. Also in 
[1], some basic simulations of interactions between solid 
oxide fuel cell, power electronic inverter and AC power 
system were shown. In this paper, the SOFC model is 
extended to include electrolysis mode and dynamic 
temperature changes. Also, the power system simulation is 
extended from a simple balanced islanded fixed-frequency 
fixed-voltage case, to a grid-connected case, under the 
influence of variable grid frequency, and also variable 
magnitude, unbalance, and harmonic content of the voltage. 
This introduces dynamic components to the DC bus current 
flow, and thus also to the fuel cell model. 
Nomenclature 
stackp
C heat capacity of cell stack: 400 J/Kg K 
r
NX      mole fraction of species at reaction surface 
b
NX     mole fraction of species at bulk 
l
NX      mole fraction at the limit of diffusion layer 
             thickness 
stackM    mass of the reversible cell stack (Kg) 
iP         partial pressure of specie  i  (Pa) 
anP       total gas pressure anode  (Pa) 
abL       thickness of the diffusion layer  between the
             concentration of gas in the bulk (m) 
eQ         heat generated/absorbed by the electrochemical  
              reaction (W) 
ohmQ       heat generated by the resistance components 
iQ           heat losses to surroundings (W) 
iR          ohmic resistance of specie i  ( Ω ) 
R            Universal gas  constant: 8.314J/mol K 
diffη       concentration/diffusion polarisation (V) 
2 ,H N
D    diffusion coefficient of hydrogen in a mixture 
2 ,H O N
D   diffusion coefficient of steam in a mixture 
2 SOFC model with electrolysis mode 
Figure 1: Simulink model of a single fuel cell  
Figure 1 shows the model of a single solid oxide fuel cell 
which was built in the Matlab/Simulink environment. As 
previously described in [1], this model is based on equations 
of electrochemical reactions. But in [1] only the fuel-cell 
mode was described: the SOFC was modelled as a pure 
battery without a rechargeable function. But in this paper the 
model is extended to a reversible SOFC model. This requires 
the equations of electrochemical reactions in electrolysis 
mode to be described, some of which are modified from those 
used in the fuel-cell mode.. To achieve this, some of the 
structures of the Simulink model have two sets of blocks 
which represent the electrochemical characteristics for both 
operational modes. 
If electricity is fed into the SOFC, it can also act in reverse, as 
a solid oxide electrolysis cell. The cell reaction is that of 
water electrolysis: [1] 
2 2 2
1
2
H O H O→ +                                                                   (1) 
The Nernst potential or open circuit voltage is the voltage of 
the cell without considering any losses within the cell. To 
determine the Nernst potential using Equation (2), The 
standard potential for the reaction under normal condition 
standardV is 1.229V.  
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P PRTV V
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= −                                          (2) 
In fuel-cell mode the output voltage of SOFC is Nernst 
voltage minus all the losses within the cell, but in electrolysis 
mode cellV  equals to the sum of them as shown in Equation (3)
cell nernst ohmic activation concentrationV V V V V= + + +                   (3) 
Concentration polarisation is also different in electrolysis 
mode. As the fuel cell operates, hydrogen is consumed at the 
anode, so the decrease of concentration of hydrogen at the 
reactive surface leads to a diffusion gradient from the bulk to 
the reactive surface of the anode. This lowers the cell voltage 
and can be expressed by Equation (4). The superscript b
represents the bulk gas and r the gas at the reactive surface of 
the electrode. [1][4]  
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2
r
HX and 2
r
H OX are the mole fractions of hydrogen and steam 
at reactive surface, and their equations in electrolysis mode 
are shown in Equation (7)(8).  During fuel cell operation,
2
l
H OX is the sum of the bulk concentration of steam, and the 
steam produced at the anode. During electrolysis mode, as 
hydrogen is being produced, and steam consumed, Equation 
(5) describes steam diffusion and equation (6) describes 
hydrogen diffusion. 
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For electrolysis, as 
2
r
H OX < 2
l
H OX , that is, the mole 
fraction of steam at the anode surface is greater than the mole 
fraction of steam at the anode reaction site. Therefore, the 
hydrogen concentration at the reactive surface is given by 
Equation (7) and the steam concentration at the electrode 
surface is given by Equation (8). 
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3 Dynamic temperature 
The temperature model is very important because many 
characteristics depend on it. A change of temperature can 
cause a large change in the behaviour of the system. In [1] the 
temperature of SOFC model was regarded as fixed. But in 
this paper a dynamic temperature model is included.  
Besides the energy stored in chemical form, there is also 
energy existing in the form of heat within the fuel-cell stack, 
and this heat energy changes dynamically with time. The 
dynamic temperature system has three main components: the 
enthalpy of reaction, heat generated by ohmic losses, and heat 
losses to surroundings. In fuel cell mode, the reaction is 
exothermic, whereas in the electrolysis mode the reaction is 
endothermic. 
The heat input due to the reaction enthalpy change is 
eQ (in 
Watts) depends on the amount of reactant consumed per 
second, within the fuel-cell stack. eQ is positive in fuel-cell 
mode and negative in electrolysis mode. The resistance of the 
fuel cell produces heat at a rate ohmQ  in both fuel-cell or 
electrolysis mode. The value of ohmQ  depends on the 
cell-stack current and cell-stack resistance and is also in 
Watts. 
The fuel cell stack system is enclosed within a pressurised 
vessel, and high-performance microporous insulation is used 
to insulate the vessel. One such suitable insulation is 
Microtherm. The heat loss rate iQ (to surroundings) depends 
on the temperature difference between the cell-stack and the 
surroundings, and the thermal conductivity and surface area 
of the vessel. iQ  could be ignored if the vessel was assumed 
to be perfectly insulated. The rate of temperature change can 
be determined by dividing the rate-of-change of heat energy, 
by the cell-stack heat capacity. This is shown by Equation (9) 
for both fuel-cell mode and electrolysis mode.
( )
( )
stack
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Q Q QdT
dt M C
+ −
=                                                      (9)                    
3.1 SOFC temperature features
Temperature change depends on the current flowing in the 
fuel cells. And the amount of heat generated in the fuel cell 
reaction scales linearly with the temperature. Ohmic 
resistance of the fuel cell decreases exponentially with 
temperature. Activation and Concentration/diffusion
polarizations decrease with increasing temperature, state of 
charge and system pressure 
4 The performance of SOFC model 
SOFC model simulation results will be discussed in this 
section and are based on a dynamic variation of terminal 
current The simulation has the current varying from -90A to 
90A. The fuel cell stack consists of a single cell with a 
cross-sectional area of 62.8 cm2. The fuel cell operates in 
electrolysis mode when current is negative, which means the 
current is flowing into the fuel cell. In fuel-cell mode it is 
positive and SOFC outputs current to network, as shown in 
Figure 2 According to the entropy theory of the hydrogen 
electrochemical reaction, the maximum voltage potential of a 
single fuel cell can not exceed 1.229V in fuel cell mode. The 
terminal voltage in fuel-cell mode is usually less than this, 
with the activation polarisation loss being the dominant factor 
if the current density is very low. Figure 3 shows the power 
input/output curve corresponding to current variation. Fuel 
cell has bigger power flow in electrolysis mode than fuel cell 
mode at the same absolute value of current density because 
the fuel cell voltage is higher in electrolysis mode. Figure 4 
shows the curve of SOFC stack temperature versus the 
operational modes. Heat loss iQ  plays an important role in 
dynamic temperature model. If the vessel was assumed to be 
perfectly insulated then iQ is zero, therefore the system 
temperature will be unique at a particular state of charge 
whether in fuel cell mode or electrolysis mode. In this paper, 
iQ is not assumed to be zero. In Figure 4 the cell current is 
45A during the first ten seconds, zero from 10s to 20s, and -
45A during the last ten seconds. As seen in Figure 4 the 
system temperature increases in fuel-cell mode (when the 
exothermic reaction and ohmic heat inputs are larger than the 
insulation losses), then it drops. The drop from 10s to 20s is 
due to insulation losses only, whilst the drop from 20s to 30s 
is a balance of insulation losses, endothermic reaction, and 
ohmic heat input.  
                            Figure 2: Fuel Cell I-V curve 
   Figure 3: Fuel Cell I-P curve 
            Figure 4: SOFC temperature curve 
5 Power electronic inverter and control 
Figure 5: Grid-connected SOFC power system 
       Figure 6: Voltage Source for Three-Phase Inverter 
A simulation of a 100kVA 3-wire three-phase inverter 
connected to a 400V (line-line) AC power system is 
introduced in Figure 5 & 6. These show the AC network 
simulation, including the connection to an “infinite bus” at 
11kV, via a 400V to 11kV step-up transformer with a 
500kVA rating. Note that the inverter itself is simulated using 
voltage sources (Figure 6), rather than discrete switches and 
PWM (pulse-wide-modulation). This dramatically reduces the 
simulation time, and focuses the simulation on the effects of 
unbalance and harmonic effects. The inverter-fuel-cell 
interactions due to inverter switching frequency are not 
examined. The inverter contains a PLL (phase-locked-loop) 
and other software which implements the inverter control 
algorithms. Three competing methods of grid-connected 
inverter controls are examined in this paper. The inverter can 
switch between these three methods to suit network 
conditions, either by automatic or manual switching: 
5.1  Mode 1: Grid-connected DC bus ripple minimisation 
Mode 1 attempts to minimise DC bus ripple by allowing 
un-sinusoidal currents in the presence of unbalance and 
harmonics: 
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Where Pref and Qref are the desired (per-unit) power outputs, 
Vd & Vq are the (positive sequence) measured voltages from 
the PLL, in a rotating reference frame as calculated using the 
Park transformation, and Id_ref & Iq_ref are the target (per-unit) 
currents. This equation is obtained by inversion of: 
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The benefit of this strategy is that it attempts to keep the P & 
Q flows constant. This minimises DC bus (and fuel-cell) 
power-flow, current & voltage ripple. It also minimises the 
requirement for capacitance on the DC bus which is costly.  
In reality, the accuracy of the actual current tracking to the 
desired values Id_ref & Iq_ref is determined by the achievable 
bandwidth of the low-level inverter control loops, and the 
switching speed. The problem with this strategy is that in the 
presence of unbalance or harmonics on the grid voltage 
waveforms, the inverter currents become non-sinusoidal, with 
current harmonics at approximately the same per-unit levels 
as the voltage unbalance or voltage harmonics.  
5.2  Mode 2: Grid-connected sinusoidal balanced currents 
This again is a grid-connected current-drive mode.  The target 
currents are determined by: 
⎥⎦
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                                          (12) 
Where Vdq_mag is evaluated by averaging 22 qd VV + over 
exactly one cycle, to give a steady value even in the presence 
of harmonics and unbalance on the grid voltages. Thus, Id_ref
& Iq_ref are steady values, which lead to a set of three balanced 
sinusoidal currents being generated. It provides a compromise 
between minimising DC bus ripple and mitigation of grid 
voltage unbalance/harmonics.  
5.3  Mode 3: Voltage drive 
Mode 3 is a voltage drive. The inverter switching patterns are 
used to generate a balanced set of sinusoidal voltages. These 
lead to currents which may be unbalanced or contain 
significant harmonics, but crucially the inverter will lead to 
passive mitigation of grid voltage unbalance or harmonics. 
The level of mitigation depends upon the size of the inverter 
relative to the “stiffness” of the grid. 
The average active and reactive power flows (P and Q) from 
the inverter can be measured over exactly one cycle, which 
gives steady average values. These measured values are 
compared to the P & Q target values, and low-bandwidth 
control loops adjust the magnitude and phase of the voltage 
drive to achieve the P & Q targets. Generally, Vq_drive is 
increased to increase the active power flow P from the 
inverter, while Vd_drive is increased to increase the reactive 
power flow Q from the inverter, although the practical control 
algorithms are somewhat more complex. 
5.4 Grid-connected simulation 
The simulation time is 1 second and at the start of the 
simulation, the PLL is locking (Lock at t=0.162). The infinite 
bus at 11kV has 3% unbalance and a balanced 5% 5th 
harmonic on all three phases. And the SOFC stack model 
simulates 800 fuel cells connected together, with 400 cells in 
series and 2 in parallel. The cross-section area of each cell is 
0.006283 2m   
Mode 1                    Mode 2                   Mode 3 
    Figure 7: SOFC stack current 
At t=0.162, the inverter starts outputting 0.5pu real power 
under drooped P and Q control. In MODE 1, constant DC bus 
power flow is targeted, with whatever AC currents are 
required to hit this target. Between t=0.162 and t=0.3, the 
droop controllers are settling. And between t=0.3 and t=0.5 
seconds, operation is settled in MODE 1. At t=0.5 seconds, 
MODE 2 is entered. This is still a current-drive mode but the 
currents are always sinusoidal and balanced. At t=0.7 seconds, 
MODE 3 is entered. This uses sinusoidal balanced voltage 
drives. The simulation results of the current and voltage curve 
at SOFC stack and three-phase inverter are shown in Figure 
7-10. 
Mode 1                      Mode 2                 Mode 3 
 Figure 8: SOFC stack voltage 
Figure 7-10 are split into three time periods which highlight 
waveforms resulting from each of the three control modes. 
Table 1 lists the unbalance and THD of inverter current and 
voltage for each control mode, together with instantaneous 
power and power ripple. 
Mode 1                      Mode 2                 Mode 3 
     Figure 9: Inverter three-phase voltage 
Mode 1                      Mode 2                 Mode 3 
       Figure 10: Inverter three-phase current 
Inverter\ Control Mode Mode 1 Mode 2 Mode 3 
V Unbalance (%) 3.0 3.0 2.5 
V THD (%) 4.8 4.8 4.0 
I Unbalance (%) 0.05 0.07 49.5 
I  THD (%) 6.0 0.1 32.6 
Average Power Flow 
(Pu) 0.50 0.51 0.50 
Peak Power Ripple 
deviation from average 
(Pu) 
0.007 0.033 0.326 
Table 1: Inverter Behaviour With 3% Unbalance and 5% 5th
Harmonic on The 11kV AC Grid. 
It can be seen, from Figure 7 to Figure 10, and Table 1, that 
the 3 different control modes produce very different results as 
expected. Mode 1 minimises the power flow ripple but results 
in a high THD of the output currents. Mode 2 minimises the 
THD of the output currents but has a higher power-flow 
ripple. Mode 3 results in a much larger power-flow ripple, 
and also high levels of distortion and unbalance on the output 
currents. However, Mode 3 decreases the distortion and 
unbalance of the AC voltages at the point of connection, and 
in some scenarios this may be of significant benefit to other 
power-system users. 
6 Conclusions 
In this paper a comprehensive reversible solid oxide fuel cell 
model with dynamic temperature system is introduced. The 
performance of SOFC is described. Also a simulation of a 
400V three-phase inverter connected to a power system, with 
a transformer connection to 11kV is introduced. Three 
competing inverter control schemes are described and 
examined in simulations of unbalanced grid-connected 
condition. It has been shown that it is possible to control the 
inverter to minimise DC bus power flow ripple in the 
presence of unbalance and harmonics on the grid voltages. 
However, operating the inverter in this mode can cause 
harmonic distortion of the inverter currents. Operating the 
inverter in a sinusoidal-current mode results in slightly 
increased power ripple but significantly decreased current 
distortions. Operating the inverter in a balanced, sinusoidal, 
voltage-drive mode results in much higher power flow 
ripples, and also very high current distortion, but notably this 
distortion helps to passively mitigate the existing AC grid 
voltage harmonics. Therefore, it is anticipated that all of these 
modes may be useful at different times or in different 
situations. 
7 Further work 
Further work will include more complex dynamic simulations, 
comparing the effects of different candidate inverter control 
algorithms. Also, a hardware model of the SOFC, coupled to 
a real inverter and AC power system, may be used in 
conjunction with simulations. Furthermore, fuel-cell 
characteristics may require power despatch algorithms to be 
created to account for achievable fuel-cell power ramp-rates 
(without damaging the SOFC), and state-of-charge limitations. 
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